Abstract. Decreased skeletal muscle capillarization is considered to significantly contribute to the development of pulmonary cachexia syndrome (PCS) and progressive muscle wasting in several chronic inflammatory diseases, including chronic obstructive pulmonary disease (COPD). It is unclear to which extent the concurrent presence of systemic inflammation contributes to decreased skeletal muscle capillarization under these conditions. The present study was designed to examine in vitro the effects of the pro-inflammatory cytokine, tumor necrosis factor (TNF), on the regulation of hypoxiaangiogenesis signal transduction and capillarization in skeletal muscles. For this purpose, fully differentiated C2C12 skeletal muscle myocytes were stimulated with TNF and maintained under normoxic or hypoxic conditions. The expression levels of the putative elements of the hypoxia-angiogenesis signaling cascade were examined using qPCR, western blot analysis and immunofluorescence. Under normoxic conditions, TNF stimulation increased the protein expression of anti-angiogenic von-Hippel Lindau (VHL), prolyl hydroxylase (PHD)2 and ubiquitin conjugating enzyme 2D1 (Ube2D1), as well as the total ubiquitin content in the skeletal muscle myocytes. By contrast, the expression levels of hypoxia-inducible factor 1-α (HIF1-α) and those of its transcriptional targets, vascular endothelial growth factor (VEGF)A and glucose transporter 1 (Glut1), were markedly reduced. In addition, hypoxia increased the expression of the VHL transcript and further elevated the VHL protein expression levels in C2C12 myocytes following TNF stimulation. Consequently, an impaired angiogenic potential was observed in the TNF-stimulated myocytes during hypoxia. In conclusion, TNF increases VHL expression and disturbs hypoxia-angiogenesis signal transduction in skeletal muscle myocytes. The current findings provide a mechanism linking systemic inflammation and impaired angiogenesis in skeletal muscle. This is particularly relevant to further understanding the mechanisms mediating muscle wasting and cachexia in patients with chronic inflammatory diseases, such as COPD.
Introduction
Impaired angiogenic potential and decreased skeletal muscle capillarization are known to contribute significantly to the development of cachexia and progressive muscle wasting in several chronic inflammatory diseases, including chronic obstructive pulmonary disease (COPD) (1-6). The underlying mechanisms mediating decreased skeletal muscle capillarization under these conditions remain poorly understood.
Several inflammatory markers, part of a systemic inflammatory response, have been suggested to be important for the development of cachexia in a number of chronic disorders (7-11) amongst which, elevated serum levels of the pro-inflammatory cytokine, tumor necrosis factor (TNF), have been suggested to be of particular relevance (12) . The potential contribution of TNF to the development of cachexia and decreased capillarization in a disease state as COPD remains a matter of debate, due to inconsistency in reports regarding its serum levels in patients with COPD (13) (14) (15) (16) (17) . However, elevated circulatory TNF levels appear to be associated with muscle loss in patients with confirmed cachexia (16, 18) , as well as with muscle atrophy and decreased capillarization in animal models of COPD (19) (20) (21) (22) . Furthermore, TNF is a potent catabolic and anti-angiogenic factor in vitro (23) (24) (25) (26) .
TNF has been demonstrated to promote a catabolic state in skeletal muscles through the activation of the ubiquitin proteolytic system (UPS) and the degradation of muscle proteins by the proteasome (22) (23) (24) 27) . In skeletal muscle, several UPS members are known to mediate muscle wasting in diverse catabolic states. These include E3α, atrogin-1/MAFbx, muscle RING-finger protein 1 (MuRF1), E2(14k) and ubiquitin-specific protease 19 (28, 29) . In addition, we have recently reported the overexpression of the E3 ubiquitin ligase, von-Hippel Lindau (VHL) tumor suppressor and the E2 family member, ubiquitin conjugating enzyme 2D1 (Ube2D1) in the skeletal muscle of patients with COPD and in a rodent model (1, 30) . In both studies, UPS activation was accompanied by disturbed hypoxia-angiogenesis signal transduction, reduced capillarization and muscle fiber atrophy (1, 30) .
VHL and Ube2D1 regulate muscle angiogenesis and glycolysis through the regulation of the hypoxia-inducible factor 1-α (HIF1-α), the main cellular oxygen sensor and regulator of tissue angiogenesis (23, 45) . Intracellular HIF1-α levels are kept under tight control in response to the available oxygen levels (31) . Under normoxic conditions, HIF-1α is maintained at low levels by hydroxylation at the proline residues 402 and/ or 564 by the family of prolyl hydroxylases (PHD)1-4 and subsequent ubiquitination by VHL and Ube2D1 which facilitates its proteasomal degradation (31) . By contrast, hypoxia inactivates prolyl hydroxylases and VHL, allowing HIF1-α to stabilize and become transcriptionally active, thus promoting angiogenesis, glycolysis and cell survival (31) .
In the present study, we aimed to investigate the effects of TNF stimulation on the regulation of hypoxia-angiogenesis signal transduction and capillarization in skeletal muscle using an in vitro model of C2C12 skeletal myocytes.
Materials and methods
Cell culture. C2C12 cells (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) were cultured in Dulbecco's modified Eagle's medium (DMEM) (PAA Laboratories, Vienna, Austria) supplemented with 10% foetal bovine serum (PAA Laboratories), 2 mM L-glutamine (Life Technologies, Stockholm, Sweden) and 0.1% PEST (50 UI/ml penicillin and 50 µg/ml streptomycin; Life Technologies) and maintained at 37˚C (5% CO 2 , 21% O 2 and 74% N 2 ) in a CO 2 incubator (Binder GmbH, Tuttlingen, Germany).
For the treatments in all the experiments, C2C12 myoblasts were seeded into collagen-coated six-well plates to a density of 3x10 5 cells/well. After reaching approximatelly 80-90% confluence, differentiation was induced by shiftting to DMEM containing 2% horse serum, 1 mM L-glutamine and 0.1% PEST. The C2C12 myocytes were considered fully diffrentiated 96 h after the induction of differentiation.
TNF treatment and exposure to hypoxia. Fully differentiated myocytes were treated with 1-20 ng/ml concentrations of recombinant murine TNF (PeproTech, Rehovot, Israel) during a time period of 2-72 h. In the experiments involving exposure to hypoxia, fully differentiated C2C12 myocytes were treated for 40 h with 10 and 20 ng/ml TNF under normal oxygen conditions (21% O 2 , 5% CO 2 and 74% N 2 ) and than deprived of oxygen for an additional 8 h (1% O 2 , 5% CO 2 and 94% N 2 ) at 37˚C in a hypoxia incubator (Binder GmbH).
RNA extraction and quantitative polymerase chain reaction (qPCR).
Total RNA was extracted using the Total RNA kit I (Omega Bio-tek, Norcross, UK). RNA was quantified using a Nanodrop spectrophotometer (ND-1000; Thermo Fisher Scientific Inc., Uppsala, Sweden). cDNA (1 µg) was synthesised using a High-Capacity cDNA Reverse Transcription kit (Life Technologies). The reaction was performed as per the manufacturer's instructions using a Uno Thermoblock Thermal Cycler (Biometra, Göttingen, Germany). qPCR gene expression analysis was performed on an ABI Prism Sequence Detection System 7900HT (PE Applied Biosystems, Foster City, CA, USA). Genes targeted in the expression analysis, including VHL (Mm00494136_m1), PHD2 (Mm00459770_m1), Ube2D1 (Mm01172638_m1), vascular endothelial growth factor (VEGF; Mm01281449-m1), atrogin-1 (Mm00429593-m1), Murf-1 (Mm01185221-m1), ubiquitin (Ub; Mm02525294-m1) and glucose transporter 1 (Glut1; Mm00441480_m1) were provided as an Assay-on-Demand by PE Applied Biosystems. Gene expression analysis was normalized to the expression levels of β2-microglobulin (Mm00446195_m1) which was selected as the most stable housekeeping control in the analyzed samples. The probes were labeled using FAM as the reporter dye and TAMRA as the quencher dye.
Each sample was analyzed in duplicate under the following conditions: 2 min at 50˚C, 10 min at 95˚C, 15 sec at 95˚C and 1 min at 60˚C. PCR amplification was correlated against a standard curve. Reactions were performed in MicroAmp Optical 96-well reaction plates (PE Applied Biosystems).
Western blot analysis. Whole cell lysates were prepared using radioimmunoprecipitation (RIPA) buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS) and 50 nM Tris, pH 8.0) with a cocktail of protease inhibitors (Sigma-Aldrich Chemie GmbH). The total protein concentration was measured using the Micro Bicinchoninic Acid (BCA) Protein Assay kit (Thermo Fisher Scientific Inc.) -microplate procedure. Equal amounts of total protein (30-60 µg) were separated under reducing conditions using 8, 10 and 12% SDS-PAGE and transferred onto PVDF membranes (Amersham/GE Life Sciences, Little Chalfont, UK) in a transblot electrophoretic transfer cell (Bio-Rad Laboratories, Hercules, CA, USA). The membranes were probed overnight at 4˚C using rabbit polyclonal anti-HIF1-α in a 1:1,000 dilution (Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit polyclonal anti-VHL diluted 1:1,000 (Santa Cruz Biotechnology), rabbit polyclonal anti-VEGFA diluted 1:1,000 (Santa Cruz Biotechnology), rabbit polyclonal anti-PHD2 diluted 1:2,000 (Santa Cruz Biotechnology), rabbit polyclonal antiUbe2D1 diluted 1:1,000 (Abnova Corp., Taipei, Taiwan), rabbit polyclonal anti-ubiquitin-activating enzyme E1 (Ube1) diluted 1:1,000 (Abnova Corp.), rabbit polyclonal anti-α-tubulin diluted 1:10,000 and rabbit polyclonal anti-ubiquitin (Sigma-Aldrich Chemie GmbH) then incubated for 1 h at room temperature with secondary antibody (Sigma-Aldrich Chemie GmbH). The membranes were developed using an enhanced chemiluminescence system (Amersham/GE Life Sciences) and exposed to Hyperfilm enhanced chemiluminescence (Amersham/GE Life Sciences). Densitometric analysis was performed using the NIH software package ImageJ (ImageJ 1.46j; NIH, Bethesda, MD, USA).
Immunofluorescence. Immunohistochemical analysis was performed following a previously described protocol (30) with modifications. In brief, serial transverse sections (tenmicrometers thick; AMS Biotechnology, Abingdon, UK) were deparaffinized in xylene and rehydrated in serial dilutions of ethanol followed by antigen retrieval in Tris-EDTA (pH 9) buffer using a microwave for 20 min. Following 30 min of permibialization in 0.3% Triton X-100 (AppliChem -BioChemica, Darmstadt, Germany) solution, the sections were incubated for 1 h in blocking solution containing 1% BSA and 10% goat serum. Thereafter, the sections were incubated with primary antibody raised against VHL, PHD2 (1:100 dilution, rabbit polyclonal, Santa Cruz Biotechnology), Ube2D1, Ube1 and Ub (1:100 dilution, rabbit polyclonal; Abnova Corp.) overnight at 4˚C.
The localization of VHL expression in the C2C12 skeletal muscle myocytes was performed in eight-chambered immunocytochemical slides (Sarstedt, Nümbrecht, Germany). In brief, fully differentiated myocytes were fixed with ice-cold paraformaldehyde (4%) for 15 min; the fixative was removed and washed three times with PBS. Permeabilization was performed using 0.2% Triton X100 (AppliChem -BioChemica) solution in PBS for 30 min followed by incubation for 1 h in blocking solution containing 1% BSA and 10% goat serum. The primary antibody in the dilution of 1:100 (VHL, rabbit polyclonal; Santa Cruz Biotechnology) was then added followed by incubation overnight at 4˚C.
Primary antibodies were detected following incubation with FITC-labeled secondary antibody raised in goat and directed against rabbit IgG1 (H+L) for 1 h at room temperature. DAPI was used to visualize the nucleus. As a negative control, the primary antibody was omitted and the cells were incubated directly with the secondary antibody. A series of photographs was taken using a fluorescent microscope (obtained from Olympus, Tokyo, Japan) and the representative field was presented.
Statistical analysis. The obtained data was normally distributed as determined by the Anderson-Darling test. The results are presented as the means ± standard deviation (SD). Data are expressed as the means ± SD. Statistical comparisons were performed using ANOVA followed by an independent Student's t-test. Differences were considered significant at P<0.05. Statistical analysis was performed using SPSS v.16 software. The mumber of repetitions (n) per each experiment was equal to or higher than three.
Results

Increased expression levels of anti-angiogenic VHL, PHD2
and Ube2D1 proteins in TNF-treated skeletal muscle myocytes. The stimulation of murine skeletal muscle myocytes with TNF resulted in a dose-and time-dependant increase in the expression of VHL protein, which reached a peak after 48 h of stimulation and at the concentration of 10 ng/ml TNF ( *** P<0.001; Fig. 1A-D) . In addition, the Ube2D1 protein expression was enhanced by 1.4-fold following the stimulation of the C2C12 myocytes for 48 h with 10 ng/ml TNF ( ** P<0.01; Fig. 1C and D) . Concurrently, TNF stimulation induced a dosedependent increase in PHD2 protein expression (4-fold increase at 10 ng/ml and 5.3-fold at 20 ng/ml TNF, *** P<0.01; Fig. 1B  and C) . By contrast, TNF stimulation did not significantly alter the Ube1 expression in the C2C12 myocytes (Fig. 1B and C) . The overexpression of free and conjugated ubiquitin in the TNF-treated myocytes in response to TNF stimulation was also confirmed by western blot analysis ( Fig. 2A) . 
VHL, PHD2 and Ube2D1 protein overexpression in the TNF-treated myocytes is not a result of an enhanced transcrip-
Nuclear localization of VHL and associated UPS members in murine skeletal muscle cells.
In order to gain a better understanding of how VHL interacts with its partner proteins and exerts its E3 ligase activity in skeletal muscle tissue, we assessed the distribution and localization of VHL, Ube2D1, PHD2, Ube1 and Ub expression in the murine tibialis anterior muscle. Our results demonstrated a predominant nuclear localization of VHL, PHD2, Ube1 and Ub expression in the murine tibialis anterior muscle (Figs. 3A and B; 4A and B), while Ube2D1 expression was not detected following the described protocol. In addition, the nuclear localization of VHL was been confirmed in the differentiated C2C12 myocytes by immnucytochemistry (Fig. 5) .
TNF disturbs hypoxia-angiogenesis signal transduction in skeletal muscle myocytes. Treatment with TNF induced a moderate decrease in HIF1-α protein expression in the C2C12 myocytes (Fig. 6A) , as well as a significant decrease in the expression of HIF1-α transcriptional targets, including VEGFA and Glut1 ( *** P<0.001, n=3; Fig. 6C and D) . In line with these findings, VEGF protein levels were markedly reduced (Fig. 6B) .
Hypoxia increases VHL transcript levels and augments VHL protein expression in TNF-stimulated skeletal muscle myocytes.
The exposure of the myocytes to hypoxia increased VHL mRNA levels in a time-dependant manner, reaching a peak after 8 h (2-fold, *** P<0.001, n=5; Fig. 7C ) and returned to basal levels after 24 h (Fig. 7C) . This increase was also accompanied by the overexpression of VHL protein detected after 8 h of exposure to hypoxia (Fig. 7A, B and D) . In addition, hypoxia recovered VHL mRNA expression to the basal levels and enhanced VHL protein expression in the TNF-stimulated myocytes (Fig. 7B and D) . TNF impairs the angiogenic response of skeletal muscle myocytes exposed to hypoxia. As expected, exposing skeletal muscle myocytes to hypoxia induced an angiogenic response mirrored by increased VEGF transcription which reached . Stimulation with TNF in the presence of hypoxia failed to induce a significant angiogenic response to hypoxia as reflected by the decreased induction of VEGF mRNA levels relative to the non-stimulated myocytes (Fig. 8A) . Concurrently, a trend towards decreased Glut1 induction in response to hypoxia was also observed in the TNF-stimulated myocytes (Fig. 8B) .
Discussion
We have previously demonstrated enhanced VHL expression and the disturbance of hypoxia-angiogenesis signal transduction in skeletal muscle of patients with COPD (1). This observation was further confirmed in a murine model exposed to cigarette smoke (1, 30) . However, the mechanisms mediating VHL overexpression in skeletal muscle remain unclear. The results of the current study demonstrate that the pro-inflammatory cytokine, TNF, increases VHL expression in skeletal muscle myocytes and that this effect is further augmented in the presence of hypoxia.
TNF has been reported to trigger muscle catabolism through the NF-κB transcription factor (32), which rapidly enhances the transcription of E3 ubiquitin ligases, such as atrogin-1/MAFbx and MuRF1, and increases the levels of free ubiquitin, which in turn potently mediate the degradation of muscle contractile proteins (23, 27, 33, 34) . By contrast, the results of the current study demonstrate that TNF increases VHL expression through a mechanism which is transcriptionindependent, involving the enhanced translation/stabilization of the VHL protein. In accordance with this, TNF has been associated with protein stabilization and enhanced translation of different members of UPS through a wide range of post-translational modifications and diverse signaling pathways (35) (36) (37) (38) . Moreover, prolonged TNF stimulation resulted in a significant downregulation in VHL mRNA expression levels in skeletal muscle myocytes, as well as in the transcript levels of Ube2D1, atrogin-1, MURF-1 and the ubiquitin (Ub) gene. These results are in agreement with the studies by Alvarez et al (37) and Bhatnagar et al (39) , demonstrating the suppressed transcription of atrophy-mediating UPS genes in C2C12 myocytes in response to prolonged TNF stimulation and excessive UPS activation. It can be speculated that the excessive accumulation/stabilization of the VHL protein by TNF treatment may have induced a feedback mechanism further restricting the accumulation of VHL protein, as well as an attempt of myocytes to restrict excessive VHL E3 ligase activity and the degradation of vital proteins.
Concurrent to the increase in the VHL levels, the overexpression of PHD2 and Ube2D1 protein, additionally suggested that TNF treatment enhances E3 ligase activity of the VHL ubiquitination complex in skeletal muscle myocytes. This was supported by the decreased protein stability and transcriptional efficiency of HIF1-α observed in this study. In line with our results, TNF has been previously reported to enhance VHL-HIF1-α interaction and increase HIF1-α ubiquitination under normoxic conditions (40) . Furthermore, TNF has been associated with reduced VEGF expression and signaling in different cell lines (22, 37, 38) , as well as with a reduction in muscle VEGF levels (15) and decreased capillarization in vivo (15, 39) .
Another highly relevant finding in this study was that hypoxia regulates VHL expression in skeletal muscle cells. Hypoxia has previously been reported to enhance VHL gene expression in non-muscle cell lines as part of a feedback mechanism and HIF1-α self-regulation (42, 43) . In agreement with this, we observed a similar expression pattern between VHL and VEGF, which reached a peak after 8 h of exposure to hypoxia. This strongly suggests that under normal conditions, VHL functions to fine-tune HIF1-α signaling and prevent excessive angiogenic response in skeletal muscle myocytes. However, our data suggest that this balance is disturbed in the presence of TNF due to the elevated VHL expression, which in turn causes the impaired angiogenic adaptation of skeletal muscle myocytes to hypoxia. This finding is of particular relevance when viewed in light of our previous findings of enhanced VHL expression in patients with COPD (1) and mice exposed to cigarette smoke (30) , as well as the reduced muscle angiogenic potential and systemic inflammatory response known to occur in patients with COPD (5, 6, 13, 15) .
Taken together, the results of the current study provide evidence that elevated TNF levels disturb hypoxia-angiogenic signaling in skeletal muscles through a mechanism that involves increased VHL expression and an excessive degradation of HIF1-α protein. The current findings provide a mechanism linking systemic inflammation and impaired angiogenesis in skeletal muscle. This is of particular relevance in understanding the mechanisms mediating muscle wasting and cachexia in patients with chronic inflammatory diseases, such as COPD.
